Structural, energetic, vibrational, and electronic properties of salt ion pairs ͑AgCl and NaCl͒ in water ͑W͒ clusters were investigated by density functional theory. In agreement with recent theoretical studies of NaCl-water clusters, structures where the salt ion pair is separated by solvent molecules or solvent separated ion pair ͑SSIP͒ were found in AgCl-W 6 and AgCl-W 8 aggregates.
I. INTRODUCTION
Charge separation of salt ion pairs in solution is one of the most important processes in chemistry. [1] [2] [3] [4] [5] [6] [7] The understanding at a molecular level of the electronic reorganization leading to charge separation is of wide interest. One fundamental process driven by charge polarization and separation is the dissolution of salts in polar solvents. [8] [9] [10] [11] [12] [13] [14] The classical example is the NaCl dissolution in water. Although this process is empirically well known, theoretical investigations of the NaCl ionic separation in small water clusters are quite recent. [15] [16] [17] [18] These works were based on quantum mechanical calculations and provided relevant information on the energetics and structure of NaCl-water clusters. In general, these previous studies on small NaCl-water clusters indicated that they can be characterized as contact ion pair ͑CIP͒ structures. This means that the Na-Cl distance is only slightly increased in comparison with the isolated ion pair. 16, 18 CIP aggregates are, at least from the structural point of view, quite different from solvent-separated ion pair ͑SSIP͒, where the insertion of some solvent molecules between the two ions may induce additional polarization and charge separation.
The energetics and structure of SSIP clusters were the subject of several computer simulation studies based on interaction potential models. 6, 7, 13, 14, 19 On the other hand, quantum mechanical studies of SSIP in small salt-water clusters are relatively scarce. One exception is an ab initio study by Jungwirth 17 that predicted the separation of the NaCl ion pair when it is microsolvated in a cluster with six water molecules. However, several aspects concerning the microsolvation of salt ion pairs deserve further investigation. Two of them are polarization effects and charge transfer, [20] [21] [22] which are often analyzed through the calculation of atomic charges, although a direct approach based on the reorganization of the electronic density (r) induced by the interactions of the ion pair with the solvent can also be carried out. Moreover, it is of interest to know how electronic properties such as excitation energies depend on the cluster size for both CIP and SSIP structures. This is motivated by relevant experimental works on reaction dynamics in gas phase clusters, 23, 24 which involve transitions from the ground state to dissociative excited states.
Another issue concerns the dependence of the charge polarization and separation on the specific nature of the ion-pair and ion-pair-solvent interactions. This is the case for systems such as silver chloride ͑AgCl͒ and silver iodide ͑AgI͒, where induction effects including quadrupolar induction 25 are expected to play a significant role in the solvation process. These systems are of great interest for atmospheric chemistry. They were detected in condensates collected from volcanoes, 26 and there is experimental evidence that the presence of water vapor increases the concentration of AgCl in the condensates by up to two orders of magnitude, strongly suggesting the formation of hydrated AgCl agglomerates. 26 The study of the formation of these agglomerates is important in the chemistry of aerosols and may also contribute to understand how rain precipitation is induced by cloud saturation with silver salts. 27, 28 In this work we are reporting an investigation on the structural, energetic, vibrational, and electronic properties of small AgCl-water clusters. The results are compared with those for NaCl-water aggregates, which were the subject of some theoretical studies. [15] [16] [17] [18] This paper is organized as follows. Section II presents the computational methods used to study AgCl-water and NaCl-water clusters. Results for the structural, vibrational, and energetic properties are presented in Sec. III. Charge polarization and electronic density reorganization are discussed in Sec. IV. Kohn-Sham orbitals and excitation energies are analyzed in Sec. V. We conclude by pointing out some fundamental differences between NaClwater and AgCl-water clusters and placing emphasis on the importance of carrying out a theoretical analysis of charge polarization based on the electronic density reorganization.
II. COMPUTATIONAL DETAILS
The properties of AgCl-water (AgCl-W N ) and NaClwater (NaCl-W N ) clusters, where Nϭ1 -6 and Nϭ8 is the number of water molecules ͑W͒, were investigated by density functional theory. 29 The well known B3LYP hybrid functional, which provides an adequate description of ionic systems was adopted. In this method, the exchange functional is represented by the Becke's three parameter functional ͑B3͒, 30 which is combined with the Lee, Yang, and Parr ͑LYP͒ 31 correlation functional.
Ag was described by the Stuttgart/Dresden ͑SDD͒ effective core potential. [32] [33] [34] [35] [36] In this approach 19 valence electrons (4s 2 4p 6 4d 10 5s 1 ) are included. 33 Full geometry optimizations and frequency calculations were carried out with the 6-31ϩG(d,p) basis set 37, 38 for the hydrogen, oxygen, sodium, and chlorine atoms. Additional single-point energy results with the 6-311ϩϩG(2d f , p) basis set 39, 40 for these atoms are also reported. Although no extensive energy search has been carried out, the optimized aggregates were characterized as local minima on the potential energy surface, i.e., all vibrational frequencies are real. Transition state structures connecting CIP and SSIP were not investigated.
The energetics of the AgCl-W N and NaCl-W N aggregates was investigated through the analysis of the formation and binding energies. The formation energy of the aggregate with the salt ion pair Xϭ(AgCl,NaCl) and N water molecules is given by
The binding energy of X to a cluster with N water molecules is defined as
The above quantities, which are identical for Nϭ1, include unscaled zero-point vibrational energy corrections. By adding thermal corrections at Tϭ298.15 K we define the enthalpies ⌬H f ,N and ⌬H b,N . Binding energies calculated at the B3LYP/6-311ϩϩG(2d f ,p)//B3LYP/6-31ϩG(d,p) level were corrected for BSSE by using the counterpoise method. 41 These corrections amount to 5%-10% of the total energy depending on the cluster size. For estimating binding energies, the structure of the water clusters (W N ) for N ϭ1 -6, 8 were also optimized. These structures correspond to the most stable conformer for each N. [42] [43] [44] The analysis of polarization effects and charge transfer was carried out with charges fitted to the electrostatic potential ͑ESP charges͒ and with charges derived from natural atomic orbitals ͑NAO͒.
20,21 ESP charges were calculated by the Breneman method. 45 All the atomic radii for the charges correspond to ESP default values with the exception of Ag for which the value of 1.4 Å was used. We also provide a discussion on the electronic density reorganization in the clusters by representing electronic density difference isosurfaces. 46 Excitation energies were calculated by time dependent density functional theory ͑TDDFT͒. [47] [48] [49] [50] A detailed comparison between theoretical excitation energies based on TDDFT and experimental results for a series of molecules was recently reported by Furche and Ahlrichs. 48 It was concluded that TDDFT is a reliable procedure for predicting vertical excitation energies. All the calculations were carried out with the GAUSSIAN 98 program. 51 Molecular orbitals and electronic densities were analyzed by using the Molekel visualization program.
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III. STRUCTURE, VIBRATIONAL, AND ENERGETIC PROPERTIES
A. Structure and vibrational properties B3LYP/6-31ϩG(d,p) optimized structures of AgClwater and NaCl-water clusters are presented in Figs. 1 and 2 , and AgCl-water structural parameters are reported in Table I . For the isolated ion pair, the Ag-Cl distance R(Ag-Cl) is 2.33 Å, in good agreement with experimental 53, 54 and theoretical results. 55, 56 The dependence of R(Ag-Cl) on the cluster size N is illustrated in Fig. 3 . R(Ag-Cl) increases from 2.31 Å (AgCl-W 1 ) to 2.65 Å (AgCl-W 5 ). In these structures the ion pair is in contact.
For AgCl-W 6 and AgCl-W 8 clusters, CIP and SSIP structures were found. Two SSIP structures of AgCl-W 6 were found and are represented in Fig. 1 . In the first cluster ͓AgCl-W 6 ͑a͔͒, a few water molecules separate the ion pair. The chlorine atom is on the cluster ''surface,'' but the Ag atom is surrounded by four water molecules. This result is in keeping with experimental information for Ag ϩ in water. 57 X-ray and neutron diffraction studies predict that the coordination number of Ag ϩ in water is 4 in a tetrahedral arrangement. 57 In the second cluster ͓AgCl-W 6 ͑b͔͒ the ions are at the cluster surface and the ion pair is separated by six water molecules. A similar SSIP structure for NaCl-W 6 The optimized structures of NaCl-water clusters are reported in Fig. 2 and some geometrical parameters are reported in Table II . Several quantum mechanics studies on NaCl-water clusters were reported. [15] [16] [17] [18] A good agreement is observed between the present results for the structural properties and data from the literature ͑see Table II͒ . In keeping with the results reported by Yamabe et al. 18 we also find two NaCl-W 1 conformers. This is in contrast with the results for AgCl-W 1 for which only one conformer was found. We note, however, that Ag-water interactions are strongly anisotropic due to the presence of Ag d orbitals. NaCl-W 1 ͑a͒ is stabilized by a H¯Cl hydrogen bond. NaCl-W 1 ͑b͒ involves the head-to-tail alignment of the dipoles of the ion pair and water. The dependence of the structural properties on the cluster size N ͑Fig. 3͒ shows similarities with AgClwater. The R(Na-Cl) distance increases from 2.39 in NaCl to 2.76 Å in NaCl-W 5 . The present results for NaCl with six and eight water molecules confirm that both CIP and SSIP structures can be found in these aggregates. For NaCl-W 6 SSIP two conformers were found. In the first one ͓NaCl-W 6 ͑a͔͒, the ion pair is separated by a few water molecules and it is characterized by the three H¯Cl hydrogen bonds. The Na Na-Cl stretching frequencies ( Na-Cl ) are also reported in Table II . For NaCl-W 1 -2 they are in excellent agreement with the MP2/cc-pVDZ results reported by Woon and Dunning.
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B. Energetic properties
Formation and binding enthalpies for the AgCl-water and NaCl-water clusters are reported in Tables III ͑AgCl͒ and IV ͑NaCl͒. The discussion will be based on B3LYP/6-311 ϩϩG(2d f ,p) results. For completeness, B3LYP/6-31 ϩG(d,p) results are also reported. For CIP structures, the dependence of the formation (⌬H f ,N ) and binding (⌬H b,N ) enthalpies on the number of water molecules ͑N͒ is illustrated in Fig. 4 . ⌬H f ,1 , the formation enthalpy of the AgCl-W 1 cluster is Ϫ0.82 eV ͑Ϫ18.9 kcal/mol͒. ⌬H f ,N changes from Ϫ1.26 eV (Nϭ2) to Ϫ4.51 eV for the CIP complex with eight water molecules.
AgCl-W 6 CIP is more stable than the AgCl-W 6 SSIP ͑a͒ and ͑b͒ conformers by Ϫ0.42 and Ϫ0.23 eV, respectively. The difference between ⌬H f ,N 's of conformers ͑a͒ and ͑b͒ ͑0.2 eV͒ reflects the stabilization of conformer ͑b͒ by O¯H hydrogen bonding ͑see Fig. 1͒ . AgCl-W 8 CIP is Ϫ0.49 eV more stable than the SSIP structure. Binding enthalpies (⌬H b,N ) for AgCl-water clusters from AgCl-W 1 to AgCl-W 6 follow a very simple pattern, which reflects the energetical stabilization of the clusters with an even number of water molecules ͑see Fig. 4͒ . This is basically related to the formation of hydrogen bonds involving water molecules. . Different oxygen atoms are represented by x ͑see Fig. 1͒ . 
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Godinho, Cabral do Couto, and Costa Cabral J. Chem. Phys. 122, 044316 (2005) respectively. Therefore, the present results for small AgClwater clusters indicate that CIP are more stable than SSIP structures. Formation enthalpies (⌬H f ,N ) of NaCl-W N clusters change from Ϫ0.77 ͓NaCl-W 1 ͑a͔͒ to Ϫ5.0 eV (NaCl-W 8 SSIP͒. Our B3LYP/6-311ϩϩG(2d f ,p) prediction for the formation ͑or binding͒ energy NaCl-W 1 ͑a͒ is Ϫ0.76 eV, which is in very good agreement with the MP2/cc-pVDZ result reported by Woon and Dunning ͑Ϫ0.75 eV͒. 15 The hydrogen bonded NaCl-W 1 ͑a͒ conformer is Ϫ0.14 eV more stable than NaCl-W 1 ͑b͒, illustrating the role played by hydrogen bond for the energetical stabilization of the aggregates. Formation enthalpies for NaCl-W 6 CIP and SSIP are nearly identical ͑Ϫ3.9 eV͒. Therefore, in agreement with the ab initio results by Jungwirth, 17 SSIP and CIP clusters of NaCl with six water molecules are practically isoenergetic. ⌬H f ,N for NaCl-W 8 CIP and SSIP are Ϫ5.0 and Ϫ4.9 eV, respectively, indicating that these structures are nearly isoenergetic.
Binding enthalpies (⌬H b,N ) in NaCl-water clusters change slowly from Ϫ1.21 (NaCl-W 2 ) to Ϫ1.59 eV (NaCl-W 8 SSIP͒. The SSIP and CIP NaCl-W 6 clusters have very similar binding enthalpies. However, for NaCl-W 8 SSIP the binding enthalpy of the ion pair to the water molecules is ϳ0.1 eV stronger than in the CIP cluster. Therefore, in contrast with the present results for AgCl-water we are providing evidence that for small NaCl-water clusters, SSIP can be more stable than CIP structures. This tendency seems to increase for larger aggregates, in keeping with previous studies on NaI-water clusters. 6 Once again, this is a consequence of the specific interactions between the NaCl ion pair and water, and seems to illustrate basic energetical features of small clusters that can be related to the well known solubility and ionic dissociation of NaCl in bulk water. 19 The presence of energetically stable SSIP aggregates in small salt-water clusters may be eventually related to the structure of alkali halide solutions. [58] [59] [60] [61] Based on a recent IR spectroscopy study, Max and Chapados 61 suggested that each pair of ions are close bound and form a complex in a cluster organization with a fixed number of water molecules ͑5 for NaCl͒. It was proposed that strongly bound aggregates, where the cation and anion are inseparable are present in alkali halide solutions. 61 However, we stress that comparison between the present results with solution data is difficult.
IV. POLARIZATION EFFECTS, CHARGE TRANSFER, AND ELECTRONIC DENSITY DIFFERENCE
A. Polarization effects and charge transfer
Atomic charges fitted to the ESP and derived from NAO are shown in Table V , where we also report the total dipole moments of the AgCl-water and NaCl-water clusters. These results are from B3LYP/6-311ϩϩG(2d f ,p)//B3LYP/6-31 ϩG(d,p) calculations. It may be instructive to analyze separately polarization effects and charge transfer ͑CT͒. 22 For our purposes the discussion can be focused on the ion pair. Polarization effects are induced by the interaction of the ion pair with the water molecules and are related to the electronic density reorganization induced by the electrostatic field of the water molecules. It should be stressed that the atomic charges of the water clusters are in fact associated with polarization effects as well as with charge transfer. CT can be discussed by estimating the total charge of the ion pair. If it is not zero, then the value can be associated with the global charge transferred between the ion pair and the water molecules. The total charge of the ion pair is represented as ␦q CT ͑see Table V͒. To discuss specifically polarization effects, the following iterative procedure was adopted. Initially, ESP or NAO atomic charges of the isolated ion pair in the geometry of the cluster were calculated. By using these charges, the charges of the water molecules were estimated. In the following step new charges on the ion pair induced by the charges of the water molecules were calculated. The process was then repeated until convergence, which was attained after four to five steps. These charges are essentially related to polarization effects because CT between the ion pair and the water molecules is not allowed. They are represented as q pol and are also reported in Table  V . The iterative self-consistent procedure was carried out at the B3LYP/6-311ϩϩG(2d f ,p)//B3LYP/6-31ϩG(d) level. Convergence was assumed when the difference between the charges of successive cycles was less than 10 Ϫ4 e. First, ESP atomic charges will be discussed. Upon complexation with one water molecule the Ag charge is reduced from 0.57e to 0.45e and the Cl charge is not significantly changed, indicating electronic density migration from the water molecule to the Ag atom. Charge transfer from water to Ag ϩ was previously pointed out by Lee et al., 62 who attributed the effect to electronic density migration from the 63 In AgCl-water clusters, dipole moments decrease from 9.1 (AgCl-W 1 ) to 2.5 D (AgCl-W 6 CIP͒. The AgCl-W 6 ͑a͒ SSIP has a strong dipole ͑͒ of 5.7 D. However, ϭ1.4 D for the AgCl-W 6 ͑b͒ SSIP aggregate. Although polarization effects are enhanced in SSIP clusters, the total dipole of AgCl-W 6 ͑b͒ is small due to obvious cancellation effects. The dipole moments of AgCl-W 8 CIP ͑2.3 D͒ and SSIP ͑2.9 D͒ are quite similar.
Atomic charges of NaCl water clusters are also reported in Table V . From ESP values, the Na charge shows some weak dependence on the cluster size. It is 0.76e in NaCl and increases up to 0.99e in NaCl-W 8 SSIP. In contrast, NAO results indicate that the Na charge is not very dependent on the cluster size and almost identical values are found for NaCl (0.933e) and for NaCl-W 8 SSIP (0.929e). With the TABLE V. Atomic charges and total dipole moments ͑D͒ in AgCl-water and NaCl-water clusters ͓B3LYP/6-311ϩϩG(2d f ,p)͔. ␦q CT (e) is total charge of the ion pair. q pol (e) is the charge associated with polarization effects. exception of NaCl-W 1 ͑b͒, ␦q CT Ͼ0 for NaCl-water clusters, although NAO charges lead to a ␦q CT close to zero.
Moreover, it should be observed that in the case of NaCl-W 1 ͑b͒, the Cl atom is not directly involved in the interaction with the water molecule ͑see Fig. 2͒ . Both approaches ͑ESP and NAO͒ indicate a reduction of the chlorine charge from the isolated ion pair to the larger aggregates. These trends, together with positive ␦q CT 's indicate charge migration from the chlorine atom to the water molecules. Small differences between q pol and atomic charges of Na are observed in NaCl-water clusters. This seems to confirm negligible charge transfer between the Na atom and the water molecules. Consequently, our results suggest that NaCl-water clusters are characterized by charge transfer from the ion pair ͑essentially from the Cl atom͒ to the water molecules for both CIP and SSIP structures. The size dependence of the dipole moments in NaClwater clusters follows a pattern quite similar to the AgClwater clusters. Our prediction for the NaCl dipole moment is 8.8 D, which is in very good agreement with the experimental value ͑8.97 D͒. 64 NaCl-W 1 ͑b͒ has a strong dipole of 11.8 D, reflecting polarization effects and the head-to-tail orientation of the water and ion pair dipoles. For the others NaClwater clusters decreases from 7.5 D in the most stable NaCl-W 1 ͑a͒ conformer to 3.7 D in NaCl-W 5 . We find a significant difference between the dipole moments for the NaCl-W 6 CIP ͑3.3 D͒ and NaCl-W 6 ͑a͒ SSIP ͑6.0 D͒ structures. The dipole moments of AgCl-W 8 CIP and SSIP are 5.4 and 3.9 D, respectively.
B. Electronic density difference
Although the analysis of polarization effects and charge transfer in the aggregates based on the ESP and NAO charges leads to similar conclusions, atomic charges are not observable quantities. Different population analysis and atomic charge partitions can be defined. 65 Therefore, to further discuss polarization effects in the aggregates, the electronic density difference for a X-W N cluster was defined as
where X-W N (r) is the total electronic density in the aggregate with the salt ion pair X and N water molecules. X (r) and W N (r), which were calculated in the geometry of the X -W N cluster, are the total electronic densities of the isolated X ion pair and W N , respectively. ⌬ N (r) isosurfaces for AgCl-water and NaCl-water clusters are reported in Figs. 5 and 6 for a few clusters of different size including CIP and SSIP structures. ⌬ N (r) isosurfaces for complexes of one and two water molecules with Ag ϩ are also represented in Fig. 5 . We find that they are useful to understand the nature of the interactions involved in the AgCl-water clusters. For these clusters, ⌬ N (r) isosurfaces indicate some electronic density rearrangement involving the ion pair. In particular, electronic density difference isosurfaces around the Ag atom suggest an anisotropic reorganization of (r). This is well illustrated for Ag ϩ -W 1 ͑Fig. 5͒, where ⌬ N (r) shows migration of the electronic density from the lobes of the Ag ϩ d z 2 orbital to the ring 66 and the significant polarization of the water molecule. A rather similar electronic density reorganization is observed in AgCl-W 1 and reflects specific Ag-water interactions, where the Ag d orbitals play an important role. Increased polarization effects are present in AgCl-W 2 . The anisotropic reorganization of (r) around Ag is clearly visible. In addition, H¯Cl hydrogen bond induces some reorganization of (r) around Cl. In comparison with Ag ϩ , ⌬ N (r) for Ag ϩ -W 2 reflects increased polarization effects induced by hydrogen bonding. The isosurfaces also suggest an increase of the electronic density close to the Cl atom. The electronic density around the water oxygen atoms is almost not changed in these clusters. Comparison between ⌬ N (r) of AgCl-W 6 CIP and SSIP structures ͑Fig. 6͒ supports our conclusion concerning the importance of polarization effects and electronic density reorganization in SSIP clusters.
⌬ N (r) isosurfaces for NaCl-W 1 ͑a͒ and NaCl-W 1 ͑b͒ ͑Fig. 5͒ indicate a negligible reorganization of (r) around the Na atom. They also illustrate the changes on (r) induced by hydrogen bonding ͓NaCl-W 1 ͑a͔͒ and chargedipole ͓NaCl-W 1 ͑b͔͒ interactions. In agreement with the NAO results, ⌬ N (r) isosurfaces for the NaCl-water clusters indicate that the atomic charge of Na is not strongly dependent on the cluster size ͑see Fig. 6͒ . The electronic density reorganization around the water oxygen atoms suggests an increase of the electronic density, which can be possibly associated with charge transfer from the ion pair to the water molecules as it was previously indicated by the analysis based on atomic charges.
The relevance of charge transfer in halides (X Ϫ )-water clusters (X Ϫ¯W ,XϭF,Cl,Br,I) was discussed by Thompson and Hynes. 22 By examining Löwdin charges on different fragments within the clusters, these authors provided evi-
for AgCl-W 1 -2 and NaCl-W 1 -2 , and for complexes of Ag ϩ with one and two water molecules. For NaCl-W 1 , two conformers ͓͑a͒ and ͑b͔͒ are shown. The isosurfaces correspond to electronic density differences of Ϫ0.02e Å Ϫ3 ͑dark͒ and ϩ0.02e Å Ϫ3 ͑white͒.
dence on charge migration from X Ϫ to water. Not surprisingly, the present results indicate that charge transfer from Cl to water is also observed in AgCl-water and NaCl-water clusters. Moreover, our results strongly suggest that specific Ag-water interactions involving the Ag d orbitals may induce charge transfer from water molecules to the ion pair in AgCl-water CIP structures.
V. KOHN-SHAM ORBITALS AND EXCITATION ENERGIES
A. Kohn-Sham orbitals
The great interest in excitation energies of salt ion pairs microsolvated in clusters of polar molecules is motivated by the fact that these energies and their dependence on the cluster size can be useful to investigate routes to photodissociation reactions. 2 A detailed discussion on this subject can be found in some recent works. [2] [3] [4] [5] We only stress that photodissociation and charge separation involve the adiabatic coupling of the ionic and covalent electronic states, which is observed for systems such as NaCl and AgCl. 67 The electronic states (⌺ ϩ ,⌺ Ϫ ,⌸,...) of the isolated AgCl and NaCl species are defined by the symmetry species of C ϱ . The interaction of the ion pair with the water molecules will break this symmetry and it can be of interest to investigate how Kohn-Sham ͑KS͒ orbitals are modified upon complexation with the water molecules. KS frontier orbitals and the corresponding eigenvalues are represented in Fig. 7 (AgCl-W 1 ) and Fig. 8 (NaCl-W 1 ) , where they are compared with the orbitals and eigenvalues of the isolated water molecule and the salt ion pair. Upon complexation with one water molecule, the * orbital ͑LUMO, lowest unoccupied molecular orbital͒ of AgCl is raised by 1.4 eV. The LUMO of AgCl-W 1 delocalizes over the whole complex. The twofold degenerate orbitals ͑HOMO, highest occupied molecular orbital and HOMO-1͒ and the ͑HOMO-2͒ orbital of AgCl are destabilized by ϳ0.6 eV. There is no significant contribution from the water molecule to these orbitals and they keep in the complex the same character they have in the isolated ion pair, although the degeneracy of the AgCl orbitals is slightly lifted. The next five lower AgCl orbitals ͑two ␦'s, two 's, and one ͒ apparently do not play any role in the energetical stabilization of the aggregate and their shapes are not modified upon complexation. They are, however, shifted to higher energies, and the twofold degeneracy of the ␦'s and orbitals is also lifted. The next lower orbital reflects the interaction between the water 1b 1 orbital with one orbital from AgCl. The following orbital involves the water 3a 1 and the AgCl . The lowest represented orbital corresponds essentially to the water 1b 2 orbital stabilized by the electrostatic interaction with the ion pair.
KS orbitals for NaCl-W 1 ͑a͒ and ͑b͒ are reported in Fig.  8 . In the most stable hydrogen bonded isomer ͓NaCl-W 1 ͑a͔͒ the two 's and orbitals of NaCl are slightly stabilized. Moreover, the degeneracy of the orbitals is significantly lifted, reflecting different interactions of the two 's with the water molecule. In comparison with the isolated ion pair, the LUMO energy is raised by 0.6 eV. The next three lower orbitals of the complex correspond essentially to the water molecule valence orbitals, which are lowered by the interaction with the ion pair. When KS orbitals of NaCl-W 1 ͑b͒ and AgCl-W 1 are compared to those of the isolated ion pairs, FIG. 6 . ͑Color͒ Electronic density difference ⌬ N (r) for AgCl-water and NaCl-water clusters. The isosurfaces correspond to electronic density differences of Ϫ0.025e Å Ϫ3 ͑dark͒ and ϩ0.025e Å Ϫ3 ͑white͒.
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Properties of AgCl-water clusters J. Chem. Phys. 122, 044316 (2005) similar changes induced by complexation can be observed. Now, the LUMO of NaCl-W 1 ͑b͒ is mainly localized on the water molecule and its energy is nearly the same of the NaCl LUMO. Upon complexation, the and orbitals are destabilized by ϳ0.4 eV. The different structures of KS orbitals for NaCl-W 1 ͑a͒ and NaCl-W 1 ͑b͒ reflect the role played by hydrogen bond and ion-dipole interactions, respectively, in the energetical stabilization of the complexes.
B. Excitation energies
The excitation energies related to the transitions between the three highest occupied molecular orbitals ͑HOMO-2, HOMO-1, and HOMO͒ and the LUMO were calculated. Only transitions from the ground state to singlets were considered. Excitation energies and electronic oscillator strengths are reported in Tables VI ͑AgCl͒ and VII ͑NaCl͒. No significant basis set dependence of these properties was observed and the discussion will be based on B3LYP/6-311ϩϩG (2d f , p) Upon complexation with one water molecule, excitation energies corresponding to the transitions from the HOMO and HOMO-1 to the LUMO are blueshifted by 1 eV. The LUMO←HOMO-2 transition is blueshifted by ϳ0.8 eV relative to the isolated NaCl. From AgCl-W 2 to AgCl-W 6 ͑CIP͒, excitation energies increase by ϳ0.7 eV for the LUMO←HOMO-2 transitions, indicating a weak dependence on the cluster size. The LUMO←HOMO-2 excitation energy of AgCl-W 6 ͑b͒ SSIP is redshifted by ϳ0.5 eV relative to that of AgCl-W 6 CIP. In comparison with CIP, oscillator strengths are smaller for AgCl-W 6 SSIP structures, particularly for AgCl-W 6 ͑b͒ SSIP. For AgCl-W 8 , CIP and SSIP excitation energies and oscillator strengths corresponding to the LUMO←HOMO-2 transition are rather similar.
For NaCl, the *← excitation energy ͑4.06 eV͒ is in good agreement with the experimental result ͑ϳ4.2 eV͒. 70 Upon complexation with one water molecule, LUMO ←HOMO-2 excitation energies are blueshifted by 0.6 eV in NaCl-W 1 ͑a͒ and redshifted by 0.4 eV in NaCl-W 1 ͑b͒. This can be explained by the different structure of the KS orbitals for the two conformers ͑see Fig. 7͒ . With the exception of NaCl-W 1 ͑b͒, from NaCl to NaCl-W 6 as the excitation energies increase from NaCl to NaCl-W 6 the total dipole moment decrease from 8.8 D for NaCl to 3.3 D for NaCl-W 6 CIP. LUMO←HOMO-2 excitation energies of the NaCl-W 6 SSIP clusters are redshifted by ϳ0.3 eV relative to CIP. In comparison with CIP structures, electronic oscillator strengths are reduced in NaCl-W 6 SSIP. For NaCl-W 8 , small differences between transition energies and oscillator strengths of CIP and SSIP structures are observed. In general, the present results concerning the size dependence of excitation energies for AgCl-water and NaCl-water clusters are consistent with experimental 2 and theoretical 7 studies on NaI-water clusters. For example, the ϳ0.8 eV blueshift induced by complexation with one water molecule and the relatively weak size dependence with increasing number of water molecules are in qualitative agreement with experimental information for NaI-water clusters. 2 Another issue concerns electronic oscillator strengths. DedonderLardeux et al. 2 observed that the transition dipole moments ͑or electronic oscillator strengths͒ can be strongly dependent on the distance between the ion pair. More important, as long as the ion pair is in contact ͑CIP structures͒, small changes on the transition probabilities are expected. However, electronic oscillator strengths may be reduced by the insertion of some solvent molecules between the ion pair or by the increase of the distance between the ions. Therefore, vanishing or very small electronic oscillator strengths could be interpreted as an indication of charge separation. 2 From the theoretical point of view, Peslherbe et al. 7 pointed out that in comparison with ions in contact, electronic oscillator strengths are reduced for NaI and NaI-W 1 when the distance between the ion pair was stretched up to 6.0 Å. On the other hand, it was presently found that upon complexation with one water molecule, NaCl-W 1 excitation energies can be blueshifted ͓NaCl-W 1 ͑a͔͒ or redshifted ͓NaCl-W 1 ͑b͔͒. In addition, it was also found that excitation energies and electronic oscillators strengths of CIP and SSIP structures are not very different for X-W 8 clusters (XϭAg,Na). One possible explanation for these results is that the size dependence of the excitation energies and oscillator strengths is determined by a complex orbital energy distribution of the aggregates for both ground and excited states. This would make difficult a simple relationship between vanishing oscillator strengths and charge separation.
VI. CONCLUSIONS
The structural, energetic, and electronic properties of AgCl-water clusters were investigated by density functional theory.
In agreement with recent investigations on NaCl-water clusters 17 we are providing further evidence about the presence of SSIP structures in small AgCl-water clusters. For NaCl-water clusters, SSIP can be energetically more stable than CIP structures. The opposite tendency was observed for AgCl-water clusters. In comparison with CIP, SSIP structures are characterized by stronger polarization effects. This con-TABLE VII. Excitation energies ͑eV͒ from the valence orbitals ͑ϭHOMO, -1 ϭHOMO-1, ϭHOMO-2͒ to the *ϭLUMO in NaCl-water clusters. Oscillator strengths in parentheses (XϭNaCl).
clusion was based on the analysis of atomic charges associated with polarization, which were estimated through an iterative self-consistent procedure.
In keeping with previous theoretical works on halidewater clusters 21, 22 we find that charge transfer is very important in salt-water clusters. It was found that for both AgClwater and NaCl-water SSIP clusters, charge migrates from the Cl atom to the water molecules. This effect is basically driven by polarization induced by hydrogen bonding involving the water molecules. However, as a consequence of specific Ag-water interactions, AgCl-water clusters are also characterized by charge transfer from the water molecules to the Ag atom. The above conclusions concerning polarization effects and charge transfer were supported by a detailed investigation on the electronic density reorganization.
The size dependence of the excitation energies was discussed and exhibits a pattern quite similar to what is observed in NaI-water clusters, although some differences related to the specific structure of the orbital energies were pointed out. Our results suggest that the difference between CIP and SSIP excitation energies may decrease with increasing cluster size. Extrapolation of the present results to larger clusters or to bulk situation is difficult. However, it seems reasonable to assume that the polarization effects and charge separation that were analyzed in small clusters also play an important role in larger aggregates.
